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ABSTRACT 

The mass derived from gravitational lensing reflects the total mass contained in the lensing system, 
independent of the specific matter contents and states. A comparison of the dynamical masses from hy- 
drostatic equilibrium with the gravitational masses from arc-like images of background galaxies is made 
for four clusters of galaxies at intermediate redshits. It is found that virial analysis has underestimated 
the total cluster masses (from lensing) by a factor of 3 ~ 6 within a radius of ~ 0.3 Mpc h'^Q around the 
cluster centers, indicating that clusters of galaxies might not be regarded as the well relaxed virialized 
systems. The increase of the total cluster masses obtained from lensing leads to the decrease of the 
baryon fractions of clusters of galaxies, which provides a crue for solving the "Oq disprepancy puzzle" in 
cosmology. 



Subject headings: galaxies: clustering - gravitational lensing - dark matter - cosmology 
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1. INTRODUCTION 

Determination of total masses gravitationally bounded in clusters of galaxies is im- 
portant for our understanding of the nature and evolution of structures on large scales. 
Traditionally, the gravitational masses of clusters of galaxies are estimated from the dy- 
namical analysis assuming an hydrostatic equilibrium of both the hot intracluster gas 
and the galaxies with the binding cluster potential (Cavahere & Fusco-Femiano 1976, 
Jones & Forman 1984; Cowie, Henriksen & Mushotzky 1987; Hughes 1989). Particularly, 
sufficient data are now available in X-ray (e.g., the EINSTEIN Observatory, EXOSAT, 
ROSAT, etc.) so that the virial masses of some nearby galaxy clusters (e.g.. Coma, A 
2256, Perseus) can be computed very precisely using the temperature and the density of 
the hot X-ray emitting diffuse gas (Eyles et al. 1991; Arnaud et al. 1992; Briel, Henry 
& Bohringer 1992; Miyaji et al. 1993; Henry, Briel & Nulsen 1993). This straightforward 
method for computing the total dynamical mass from the X-ray emitting gas reveals a 
large amount of unseen matter concentrated in the central regions of clusters. 

The difficulty of the standard hydrostatic cluster model, however, comes from the so- 
called "Qo discrepancy problem". The fraction of gas to total mass, i.e., the baryonic 
fraction, (Q^/^) obtained from the virial theorem in clusters of galaxies is much higher 
than one would obtain from the primordial nucleosynthesis (Briel, Henry & Bohringer 
1992; While et al. 1993), if the matter in clusters is representive of the Universe. The 
similar discrepancy has been also found in small groups of galaxies (Ponman & Bertram 
1993; Mulchaey et al. 1993; Henriksen & Mamon 1994). Adopting the new measurement 
of fib — 0.022/i5o^ from the abundance of D/H in primordial gas (Songaila et al. 1994; 
Carswell et al. 1994) and taking typical value of O.b/^o ~ O.lS/igo^''^ within 3Mpc h^^ 
of clusters of galaxies from the virial equilibrium (Ceballos & Barcons 1994), one would 
simply expect a very low density Universe of Qq ^ 0.15, while the inflation model and the 
large-scale motions of galaxies have led to f)o ~ 1- This discrepancy has been an unsolved 
puzzle in today's astrophysics although some possibilities have been suggested (White et 
al. 1993). 
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The crucial point in the above estimate of baryon fractions of clusters of galaxies is 
the hypothesis that the clusters of galaxies were thought to be in the state of dynamical 
equilibrium. On the other hand, the requirement of the cosmic nucleosynthesis and the 

argument of fig ~ 1 imply that the virial analysis has probably underestimated the total 
masses of clusters of galaxies. One of the ways to test this question is to have another 
independent method of determining the total gravitational masses of clusters of galaxies. 

The arc-like images of faint background galaxies associated with the gravitational po- 
tential of foreground galaxy clusters open a new way to find the binding gravitational 
masses of galaxy clusters, independent of the state equations of the hot X-ray gas, the 
galaxies and the unseen matter. Modelling giant arcs and arclets has provided a direct 
measurement of the projected masses interior to the arcs (Soucail & Mellier 1993; refer- 
ences therein), while using the properties of giant luminous arcs (position, length, width, 
axial ratio, number, etc.) has indicated the compact distributions of dark matter in the 
cores of arc clusters (Hammer 1991; Wu & Hammer 1993; etc.). In particular, a compari- 
son of the masses derived from giant luminous arcs with the masses from the viral theorem 
has been made for a few clusters by Fort (1992). He found that the total masses derived 
from the two independent methods are essentially consistent. However, it is noticed that 
Fort's comparisons were made within the cores of clusters, which may suffer from the 
contaminations of cooling flow. 

This letter presents the results of the total masses for four clusters of galaxies at 
intermediate redshifts utilizing two independent methods by solving (l)the equation of 
hydrostatic equilibrium for the X-ray gas and (2)the equation of gravitational lensing for 
the observed arcs associated with the clusters. These arcs are carefully chosen so that 
they are well separated from the X-ray gas cores (~ 0.25 Mpc H'^q) (Abramopoulos & Ku 
1983; Jones & Forman 1984) and the coohng radii (~ 0.13 Mpc H^q) (Edge & Stawart 
1991) of galaxy clusters, and would then reflect the masses outside the central regions of 
the clusters. A direct test for the plausibility of the assumption that the galaxy clusters 
are the well relaxed virialized systems will be given by comparing the total masses ob- 
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tained from the two different metfiods. 



2. DYNAMICAL MASS FROM VIRIAL EQUILIBRIUM 

Assuming that both the X-ray gas and the galaxies are in hydrostatic equihbrium with 
the binding gravitational potential of a spherical cluster, one can write the virial mass of 
the cluster within radius r as (Cowie, Henriksen & Mushotzky 1987) 

M ( ) ^"^^ fdlnn ^ dln.T\ 
^ Gjjimp \d\n.r dlnr y ' 

where n and T are the gas density and temperature, respectively, is the mean particle 
weight in units of the proton mass rup. The spatial distributions of n and T in cluster 
are obtained by inverting the observed X-ray surface brightness profile which is usually 
well-fitted by the (3 model 

s{e)^So[i + {e/e,f]"''~^^ (2) 

with a core radius of Oc- Note that My is independent of the central gas density or the 
central surface brightness Sq. In the case of isothermal gas distribution which has been 
found to be consistent with the observations of some nearby clusters (e.g., A 2256, see 
Henry, Briel & Nulsen 1993) and which will be adopted in the following calculations, the 
viral mass [eq.(l)] and its corresponding mass density profile are 

kTrr 

and 



3/9 A;T 1 3 + a;2 

respectively, where is the core radius of the X-ray gas corresponding to 6'c, and x = r/vc- 



To compare with the mass estimated from the arc-like images using gravitational lens- 
ing in next section, one needs to find the projected virial mass my{b) within a radius of b 
on the cluster plane. A calculation utilizing eq.(4) yields 

m.(6) = 1.14 X 10- P rh{b) (^) (-^) (5) 



^^^^ = TT^ - C "^^(TT^ 

Here 60 = b/vc and Rq — R/tc- R is the physical size of the cluster. The numerical 
computation shows that m{h) remains almost unchanged for R ranging from 3 Mpc to 
100 Mpc, Tc ~ 0.25Mpc and h ~ Vc- In the following calculations it! will be taken to be 5 

Mpc /l5o\ 

In the case of where the temperature of the cluster is unknown, the strong correlation 
between the X-ray luminosity and the temperature T found by Edge & Steward (1991) 
is used 

(T/keV) = lQ-^^ '\L,/eTg s'^f-^'. (7) 

Furthermore, a mean core radius of Tc — 0.25 Mpc h^Q and a value of /? = 2/3 will be 
adopted for the cluster X-ray surface brightness distribution (Abramopoulos & Ku 1983; 
Jones & Forman 1984; Henry et al. 1992). 



3. GRAVITATIONAL MASS FROM ARC-LIKE IMAGES 

Assuming a spherical matter distribution of cluster of galaxies in the lensing equation, 
one can write the gravitational mass of a galaxy cluster projected within a radius of h or 
(in arcseconds) on the cluster plane as 

m,{h) = 7.37 X 10^1 {9 - 9o)9 ^ M^h^,' (8) 

where ^0 is the alignment parameter (in arcseconds) of the lensing cluster, da, ds and 
dds are the angular diameter distances in units of (c/Hq) to the lensing cluster, to the 
background source (galaxy) and from the cluster to the source, respectively. Actually, the 
undisturbed position of the background source, 9o, is unmeasurable. However, one can 
estimate its value through the length (L) and the axial ratio (L/W) of the arc-like image 
(Wu & Hammer 1993) 

L 

^° " 2(L/W^)sin(L/26)' 
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If the redshifts of the arc-hke images have not been presently measured, a low limit can 
be set on the mass of their associated cluster 

mg,min{d) = 7.37 X 10^1 (0 - 0o)9 da M^hl^. (10) 
4. RESULTS FOR FOUR CLUSTERS OF GALAXIES 

The arc-like images are chosen so that their distances from the centers of their associ- 
ated clusters are larger than the cooling radii which are estimated to be 0.13 Mpc h^Q on 
average using the EXOSAT X-ray data (Edge & Steward 1991). This selection guarantees 
that the virial analysis does not suffer from the contaminations from the possible cooling 
flow. Considering the fact that the core radius of the X-ray gas of cluster is typically 
0.25 Mpc /i5o\ one further requires that the arc-like images locate outside the central core 
of the cluster. As a result, four clusters of galaxies at intermediate redshift are chosen 
in which the distortions of background galaxies have been detected: Abell 370 (A5), MS 
1006.0+1202 (arc 4), MS 1008.1-1224 (arc 2) and MS 1910.5+6736. The first example 
A5 in Abell 370 is adopted from Fort et al. (1988) and the rest three from the arc survey 
in the distant EMSS clusters (Hammer et al. 1993; Le Fevre et al. 1994). The X-ray 
luminosity for A 370 is taken from Henry et al. (1982) and the X-ray data for the rest 
three are chosen from the new EMSS catalog (Gioia & Luppino 1994). Unfortunately, the 
redshift data are not available for all the three arcs selected in the EMSS sample while 
the A5 in A 370 locates probably at Zg ~ 1.3. 

The properties of the four arc-cluster systems and the results of the clusters masses 
obtained using eq.(5) and eq.(8) are given in Table 1. Two redshift values of Zs — 0.6 and 
Zg = 2 have been applied for the three arcs detected in the EMSS sample, which cover 
the most possible redshift range of the arc-like images of faint background galaxies (Wu 
& Hammer 1993). It appears that a significant difference between the virial masses and 
the gravitational masses from arc-like images is shown in all the four arc-cluster systems: 
the dynamical method from hydrostatic equilibrium results in the cluster masses 3 to 6 
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times smaller than the masses from the method of gravitational lensing within the circle 
of 0.28-0.35 Mpc h'^Q around the clusters centers. This mass discrepancy is so large and 
common that it is very hard to attribute the excess of gravitational masses from lensing to 
some errors of observations (the X-ray data, arc-like image data, etc.) and some scatters 
of the correlation of with T [eq.(7)] (Edge & Stewart 1991). It is then very likely 
that the virial equilibrium has underestimated the total gravitational masses of clusters 
of galaxies by a factor of at least 3 outside the X-ray gas radii. 



5. DISCUSSION AND CONCLUSIONS 

The gravitational mass derived from gravitational lensing reflects the total mass of the 
lensing system, despite whether or not the system is in the state of hydrostatic equilib- 
rium. The cluster masses obtained from the arc-like images of background galaxies can 
then be regarded as the most reliable values. Utilizing this method for four arc-cluster 
systems leads to the conclusion that the previous dynamical analysis from virial theorem 
has produced relatively lower cluster masses than the gravitational masses from arc-like 
images, indicating that clusters of galaxies might not be taken as the well relaxed virial- 
ized systems. 

It is noticed that the four galaxy clusters used in the computations are all at inter- 
mediate redshifts {z^ — 0.2-0.4) and have strong X-ray emissions {L^ > 4 x lO^'' erg/s). 
These X-ray selected distant galaxy clusters may have undergone a significant evolution 
with cosmic epoch (Gioia et al. 1990; Edge et al. 1990; Henry et al. 1992) although 
the scenario of strong X-ray luminosity evolution gives rise to the few clusters of galax- 
ies as the hosts for the observed giant luminous arcs (Wu 1993). It is then very likely 
that the galaxy clusters having strong X-ray emission are still in the non-virialized cosmo- 
dynamical state. This indeed contradicts with the recent claim by Lubin & Bahcall (1993) 
that both the gas and galaxies are in hydrostatic equilibrium with the binding cluster po- 
tential, based on the statistical analysis of the observed galaxy velocity dispersion and 
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the X-ray temperature of the hot gas in clusters of galaxies. 

A consequence of replacing the virial masses by the gravitational masses from lensing 

for clusters of galaxies would provide a new clue for resolving the "fio discrepancy puzzle" . 
The baryon fractions of clusters of galaxies can now be written as 

Qo m^{h) mg{hy 

where the term mi){h) / my{h) is the estimate using the virial mass while the term my{h)/mg{h) 
gives the correction factor from gravitational lensing that reduces the previous value 
mb{b)/mv{b) by a factor of 3-6 at b ^ 0.3 Mpc h^Q. The application of the above expres- 
sion is, however, limited to the inncrparts of the locations of arc-like images in clusters, 
which prevents from an estimate of flb/^o over all the regions of clusters. It then remains 
unclear if the baryon fractions of clusters of galaxies would decrease with the increase of 
radii. If one adopts a factor of ~ 4 for mg(0.3Mpc)/m^(0.3Mpc), the previous estimate of 
baryon fractions of clusters of galaxies should be decreased by the same factor, leading to 
Vlb/no ~ 0.15/150^/74 = 0.04/i5o\ This ratio is marginally consistent with the prediction 
of cosmic nucleosynthesis and therefore, survives a ralative large Qo Universe. The more 
examples of arc-like images of background galaxies associated with clusters of galaxies, 
expecially at the outskirts (~ 1 Mpc), will be needed to further confirm this result. 

After this letter was completed, two groups announced the similar analysis based on one 
EMSS selected cluster (MS1224) (Fahlman et al. 1994) and three Abell clusters (A2218, 
A1689 and A2163) (Barul & Miralda-Escude 1994). They have reached essentially the 
same conclusions. 
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Table 1 Four arc-cluster systems and their masses 



cluster 


arc 


mass 


name 


Zd 


Lx,44 




h (Mpc) 




L/W 




m„(6) (Mq) 


m,ib) (Mq) 


mg{b)/m„{b) 


Abell 370 


0.374 


9.7 


56 


0.35 


9 


18 


1.3(?) 


2.26 • 10" 


8.20 • 10" 


3.63 


MS1006.0+1202 


0.221 


4.819 


62 


0.28 


4.9 


7.0 


0.6 
2.0 


1.36 • 10 
1.36 • lO" 


6.91 • 10 
4.87 • lO" 


5.08 
3.58 


MS1008. 1-1224 


0.301 


4.493 


51 


0.28 


4.0 


6.5 


0.6 
2.0 


1.33 • 10" 
1.33 • 10" 


7.47 • 10" 
4.34 • 10" 


5.60 
3.25 


MS1910.5+6737 


0.246 


4.386 


67 


0.33 


6.1 


10.5 


0.6 
2.0 


1.63 • 10" 
1.63 • 10" 


9.95 • 10" 
6.64 • 10" 


6.12 
4.08 
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